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We review the use of thin ﬁlament-reconstituted muscle ﬁbers in the study of muscle physiology. Thin ﬁlament extraction and
reconstitution protocol is a powerful technique to study the role of each component of the thin ﬁlament. It is also useful for
studying the properties of genetically modiﬁed molecules such as actin and tropomyosin. We also review the combination of
this protocol with sinusoidal analysis, which will provide a solid technique for determining the eﬀect of regulatory proteins on
actomyosin interaction and concomitant cross-bridge kinetics. We suggest that thin ﬁlament-reconstituted muscle ﬁbers are an
ideal system for studying muscle physiology especially when gene modiﬁcations of actin or tropomyosin are involved.
1.Introduction
Striated muscle has a highly ordered structure where muscle
p r o t e i n sa r ea r r a n g e di na na r r a yo fﬁ l a m e n t s[ 1, 2].
It is critically important that these structures are maintained
so that muscle proteins retain their physiological functions.
Thus, physiological functions of muscle proteins must be
studied using a model that preserves their native higher-
order structure. Thin ﬁlaments involving actin, tropomyosin
and troponin can be reconstituted in vitro which preserves
Ca2+ sensitivity, and, in this model, the measurement of
active tension or sliding speed is possible (in vitro motility
assay system) [3, 4]. In the in vitro motility assay system, the
higher-order structure of thin ﬁlaments is reconstituted but
myosin or the motor domain of myosin is randomly placed
on glass-coverslip, which diﬀers from the physiological
condition. The higher-order structure of thick ﬁlaments
can be reconstituted relatively easily in vitro by lowering
the ionic strength of the solution [5] although force or
sliding velocity could not be measured until single-molecule
manipulation techniques were developed [6, 7]. These in
vitro experiments with reconstituted ﬁlaments revealed that
muscle proteins show altered kinetics when the higher-
order structure is conserved, indicating the importance of
the higher-order structure in the study of muscle proteins.
Although ﬁlament structures can be reconstituted in vitro
using puriﬁed proteins, it is still diﬃcult to reconstruct the
3D structure of muscle where thick and thin ﬁlaments are
arranged in a hexagonal lattice. Recently, a new in vitro
assay system was developed which used an isolated A-band
and reconstituted actin ﬁlament to measure the active force
developed in the thick ﬁlament lattice structure [8]. This
approach enables the study of the physiology of muscle
proteins preserving higher-order structure of muscle but,
because the preparation of A-band is labor consuming and
the setup is relatively complicated, this technique did not
become widely used. Another approach is to exchange the
small molecules such as troponin and myosin light chain in
skinned muscle [9–12]. Although this approach enables the
study of the properties of some muscle proteins, most other
proteins such as myosin, actin, and tropomyosin are diﬃcult
to exchange; thus another approach is needed.
Removal and reconstitution of the ﬁlament in skinned
muscle is another way to exchange muscle proteins with2 Journal of Biomedicine and Biotechnology
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Figure 1:Schematicdiagramillustratingthethinﬁlamentremovalandreconstitutionprotocol.Byapplyinggelsolintoskinnedmuscleﬁbers
(a), thin ﬁlament free muscle ﬁbers (b) can be obtained. By adding actin monomer to these thin ﬁlament free muscle ﬁbers, actin-ﬁlament-
reconstitutedmuscleﬁberswithoutregulatoryproteins(c)canbeobtained.Thinﬁlamentcanbereconstitutedbyaddingregulatoryproteins
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Figure 2: Confocal ﬂuorescent micrograph of muscle ﬁbers at each step of thin ﬁlament removal and reconstitution. (a) Control cardiac
muscle ﬁbers. (b) Gelsolin-treated muscle ﬁbers. (c) Actin-ﬁlament-reconstituted muscle ﬁbers. Actin ﬁlament was stained with rhodamine-
phalloidin. Scale bar: 5μm.
puriﬁed proteins. Because thick ﬁlaments can be removed
relatively easily by increasing the ionic strength [13], sev-
eral attempts were made to reconstitute thick ﬁlaments
using puriﬁed myosin. Although myosin ﬁlaments can be
reconstituted relatively easily in vitro, reconstitution of thick
ﬁlaments inside skinned muscle ﬁbers is not possible due
to the spontaneous polymerization of myosin ﬁlament. On
the other hand, thin ﬁlaments cannot be removed by simply
changingtheionicstrengthofthesurroundingenvironment.
Selective removal of thin ﬁlaments was achieved by using
the actin ﬁlament severing protein, gelsolin, as a molecular
tool, which enabled elimination of actin, troponin, and
tropomyosin from skinned muscle ﬁbers [14–16]. Because
gelsolinrequiresCa2+ foractinﬁlamentsevering,actomyosin
ATPaseinhibitorwasinitiallyusedduringgelsolintreatment,
which was followed by the use of actin ﬁlament severing
domain of gelsolin [17]. Using these thin ﬁlament-removed
(thin ﬁlament-free) skinned muscle ﬁbers, reconstitution
of thin ﬁlaments was performed [18]. Figure 1 illustrates
the procedure for the removal and reconstitution of thin
ﬁlaments. When puriﬁed actin monomer was added to thin
ﬁlament-free skinned muscle ﬁbers under the polymerizing
condition, the actin ﬁlament polymerizes nucleated by a
short fragment of the thin ﬁlament remaining at the Z-disk,
reconstituting the actin ﬁlament. These investigators [18]
used potassium iodide rather than potassium chloride and
lowtemperatureinordertoslowthespontaneous nucleation
of actin polymerization. These actin-ﬁlament-reconstituted
muscle ﬁbers can be used to study the properties of the
actin ﬁlament without regulatory proteins. By the addition
of the tropomyosin-troponin complex to actin-ﬁlament-
reconstituted skinned muscle ﬁbers, Ca2+ sensitivity was
recovered [19]. Figure 2 shows confocal micrographs of
muscle ﬁbers stained for actin ﬁlament before and after
the thin ﬁlament removal and after the reconstitution of
actin ﬁlament. The confocal image clearly shows that thin
ﬁlaments were removed by gelsolin treatment and restored
after reconstitution of actin ﬁlament. When skinned skeletal
muscle ﬁbers were used for thin ﬁlament removal and
reconstitution, only ∼20% of active tension was recovered
regardless of the duration of actin ﬁlament reconstitution
[18]. This was attributed to the damage of the Z-disk due
to the overremoval of actin fragments which constitute the
Z-disk and/or by proteases contaminated in the gelsolin
solution. When skinned cardiac muscle was used, active
tension was recovered by more than 100%, average beingJournal of Biomedicine and Biotechnology 3
∼140% [19]. The successful recovery of active tension
when cardiac muscle ﬁbers were used was probably due
to the stronger Z-disk structure of cardiac muscle. Active
tension augmentation (by ∼40%) was attributed to the
length distribution of thin ﬁlaments in cardiac muscle,
where length distribution is broad and the average length
is shorter compared to skeletal muscle [20]. The longer
length of thin ﬁlaments after reconstitution is likely to
increase active force of the muscle ﬁbers. When the skeletal
tropomyosin-troponin complex was used in place of cardiac
muscle, reconstituted muscle ﬁbers showed a pCa-tension
relationship that resembles that of the skeletal muscle ﬁbers,
showing successful exchange of the regulatory proteins.
The primary function of striated muscle is to generate
active force; thus, when studying the physiological function
of muscle proteins, it is important that active tension is
measured. Unlike the in vitro motility assay system where
expensive equipment, such as optical tweezers, is needed to
measureforcegeneration, it iscomparativelyeasytomeasure
active force generated by thin ﬁlament-reconstituted skinned
muscle ﬁbers. Thus, thin ﬁlament-reconstituted muscle
ﬁbers are an ideal model for studying the physiology of thin
ﬁlament proteins [21].
2. Study of the Effect of Regulatory Proteins
in Muscle Physiology Using Thin Filament-
Reconstituted SkinnedMuscleFibers
Unlike small proteins such as troponin or myosin light
chains, tropomyosin is bound to seven actin monomers
a n di ti se x t r e m e l yd i ﬃcult to remove without damaging
other muscle proteins. Using actin-ﬁlament-reconstituted
muscle ﬁbers before reconstitution of regulatory proteins,
it is possible to measure the properties of bare actin
ﬁlament without regulatory proteins in force generation.
This is also possible by using in vitro motility experiments,
but actin ﬁlaments are usually stained with ﬂuorescent
phalloidin, which may aﬀect the active tension generating
capability of actomyosin complex. Generally speaking, the
in vitro motility system requires expensive experimental
setups, such as optical tweezers, for force measurement,
and the experiment is labor intensive, requiring numerous
experiments to compensate for the large variation of the
results. In addition, the in vitro motility assay system can
only be performed at very low ionic strength, such as
∼50mM, which is diﬀerent from physiological conditions
where ionic strength is ∼200mM [22]. In the actin-ﬁlament-
r e c o n s t i t u t e dm u s c l em o d e l ,a c t i v ef o r c eg e n e r a t e db yn a k e d
actin ﬁlament can be measured without phalloidin staining
and at a physiological ionic strength. Moreover, the lattice
structure of thick ﬁlament is conserved, oﬀering a more
natural physiological condition. Here, we show examples
of the use of a thin ﬁlament removal and reconstitution
protocol for studying the role of regulatory proteins in
muscle physiology.
During muscle fatigue or the onset on ischemia, intracel-
lular pH of muscle decreases, resulting in a decrease in active
tension, Ca2+ sensitivity, and shortening velocity [23, 24].
It is known that even in skinned muscle ﬁbers where only
thick and thin ﬁlament is involved, active tension generation
capability is aﬀected by pH, but whether regulatory protein
aﬀects the pH dependence of active tension is unknown.
Using a thin ﬁlament removal and reconstitution protocol,
the eﬀect of regulatory proteins on the pH eﬀect was
studied [25]. In skinned cardiac muscle ﬁbers, active tension
increased linearly with an increase in pH, consistent with
previous reports [26, 27]. This was also the case in actin-
ﬁlament-reconstituted ﬁbers, but the slope was much steeper
than that with regulatory proteins. When regulatory proteins
were reconstituted, the muscle ﬁbers regained the original
pH-force relationship [25]. The pH-force relationship was
also recovered by the reconstitution of tropomyosin only,
showing the importance of tropomyosin in the modulation
of the pH-force relationship of muscle. When regulatory
proteins from skeletal muscle were used, the pH-force
relationshipresembledthatofskeletalmuscle,whichislarger
than cardiac muscle. This result indicates that regulatory
proteins protect muscle ﬁbers from active tension decrease
due to acidosis, especially in cardiac muscle where active
tension loss by acidosis may be critical.
Sliding velocity and the active tension generation capa-
bility of striated muscle is also inﬂuenced by temperature
where both the sliding velocity and active tension are larger
at higher temperatures below 40◦C[ 28, 29]. An increase
in the sliding velocity indicates an increase in actomyosin
ATPase activity, whereas an increase in active force suggests
an increase in the number of force-generating cross-bridges.
This shows that ATPase activity in the cross-bridge cycle is
not equally aﬀected by temperature [29], hypothesizing that
the force generated by each cross-bridge does not change.
Although the eﬀect of temperature in muscle physiology has
been well studied, the inﬂuence of regulatory proteins in
the eﬀect of temperature remains unknown. Using the thin
ﬁlament removal and reconstitution protocol, the eﬀect of
regulatory proteins in temperature sensitivity of active force
was studied [30]. In actin-ﬁlament-reconstituted muscle
ﬁbers without regulatory proteins, the eﬀect of temperature
on active tension was much less than the native ﬁbers.
When regulatory proteins were reconstituted, muscle ﬁbers
regained the temperature-force relationship of native ﬁbers.
Stiﬀness of muscle during contraction, an indicator of the
amount of strong binding cross-bridges, decreased when
temperature was increased in muscle ﬁbers without regula-
tory proteins. Detailed study has revealed that cross-bridge
detachment is enhanced by increasing temperature when
regulatory proteins are absent [30]. This study showed that
regulatory proteins may inﬂuence the actomyosin ATPase by
modifying the surface of thin ﬁlaments.
One of the interesting features of striated muscle is its
autooscillatory mechanism. Skinned striated muscle self-
oscillates at few Hertz without Ca2+ oscillation in the
presence of both MgADP and inorganic phosphate (Pi) at
relaxing conditions (SPOC) [30, 31]. Under these condi-
tions, both active tension and sarcomere length oscillate
periodically. To investigate whether tropomyosin is involved
in the SPOC, actin-ﬁlament-reconstituted muscle ﬁbers
have been used [32]. When active tension was decreased4 Journal of Biomedicine and Biotechnology
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Figure 3: Kinetic model of actomyosin (AM) ATPase. The main pathway is shown in black and the minor pathway in grey. Upper row is in
attached state and lower row is in detached state. A: actin; M: myosin. The asterisks show the diﬀerence in the conformation of the molecule.
by 2,3-butanedione 2-monoxime (BDM), the inhibitor of
actomyosin ATPase, SPOC was observed in the presence of
MgADP and Pi even when regulatory proteins were absent.
This result clearly showed that tropomyosin is not required
in SPOC and that oscillatory mechanisms are inherent in
the actomyosin motor system. Recently, the mechanism of
SPOC was clariﬁed where the change in lattice spacing by
mutual sliding of thick and thin ﬁlaments is the key point in
the generation of oscillation [33]; this also indicated that the
regulatory system is not a requirement for SPOC. Thus, the
prediction made by the actin-ﬁlament-reconstituted model
was shown to reﬂect the properties of muscle.
3.Combination withSinusoidalAnalysis
The thin ﬁlament removal and reconstitution protocol
enables the exchange of actin and tropomyosin in skinned
muscle ﬁbers which is not possible in other methods, thus
it is expected to be useful in studying the physiology of
genetically engineered actin, troponin, and tropomyosin.
Although the change in the active force by altering the
surrounding environment such as pH or temperature is
possible in the thin ﬁlament removal and reconstitution
protocol, it is not possible to compare the active force before
and after reconstitution of the actin ﬁlament because active
tension recovery varies largely between experiments. This is
problematic when the study of genetically engineered muscle
protein is considered, because the ﬁrst parameter that is
to be compared is tension generation capability. To avoid
this problem, it is ideal to measure the force per cross-
bridge. This can be achieved by measuring the stiﬀness of the
muscle ﬁbers during activation to determine the number of
strongly bound cross-bridges and by measuring the kinetic
parametersoftheactomyosinATPaseschemetocalculatethe
number of cross-bridges among various states. To study the
kinetics of actomyosin ATPase cycle, perturbation which can
alter the ATPase kinetics at a speed faster than the reaction to
be studied is needed. For example, temperature jump study
(T-jump) can deduce several apparent rate constants relating
totheactomyosinATPaseandbychangingtheconcentration
of MgATP, MgADP, or Pi, and, accordingly, the details of
actomyosin ATPase can be presumed [28, 29]. The T-jump
study revealed that muscle force generation is endothermic,
and several cross-bridge states exist in actomyosin complex
[28, 29]. Other such “jump” experiments such as pressure
[34], Pi [35, 36], or ATP [37, 38] can also deduce the
elementary steps of the actomyosin ATPase. Perturbation
to actomyosin ATPase can also be achieved by step length
change; the kinetics were studied using both release and
stretch protocols [39–41]. Other than applying step length
change, sinusoidal length change was also used, which
gives a higher signal-to-noise ratio than the step length
change experiments [42, 43]. Sinusoidal analysis revealed
three exponential processes in response to length changes,
which were attributed to six steps of the elementary steps
of the cross-bridge cycle, and three equilibrium constants
and four rate constants associated with this scheme were
deduced [44]. Because sinusoidal analysis can characterize
all of the equilibrium constants between the elementary
steps of the cross-bridge cycle, calculation of the distribution
of the cross-bridge species is possible. Measurement of
the stiﬀness enables estimation of the amount of strong
binding cross-bridges during activation, and consequently
force per cross-bridge can also be estimated. Since sinusoidal
analysis can reveal the details of the actomyosin ATPase
cycle, the combination with the thin ﬁlament removal and
reconstitution protocol is expected to yield many interesting
results.
Investigationsusingthethinﬁlamentremovalandrecon-
stitution protocol and sinusoidal analysis revealed the
inﬂuence of regulatory protein on the elementary steps of
the cross-bridge cycle [42, 43]. These studies showed that
the regulatory proteins promote cross-bridge detachment
by increasing K2 and decreasing K4, which was primarily
caused by tropomyosin (Figure 3). This ﬁnding implies
that the regulatory system inhibits actomyosin interaction
even in the presence of Ca2+. At the same time, active
force generated by each cross-bridge was larger in the
presence of regulatory proteins, which may be induced by
the conformational change of actin ﬁlaments due to the
presence of regulatory proteins. The combination of the thin
ﬁlament removal and reconstitution protocol and sinusoidal
analysisisparticularlyusefulinstudyinggeneticallymodiﬁed
actin and tropomyosin. Several actin mutants were studied
in which the N-terminal negative charges were changed
using sinusoidal analysis [45]. Electrostatic force between
the N-terminal charge of actin and the cationic loop 2 of
myosin is believed to be important in the initial association
with myosin. The result showed that the stronger negative
charge at the N-terminal enhances active force during con-
traction. The eﬀect of genetically engineered tropomyosin
on cross-bridge kinetics was also studied using the thin
ﬁlament reconstitution protocol and sinusoidal analysis.
Tropomyosin is a coiled-coil dimeric protein that binds to
sevenactinmonomersanditssequenceshowsa7-foldrepeat
relating to the sites which bind to actin [46]. The sevenJournal of Biomedicine and Biotechnology 5
repeats are quasi-equivalent but solution studies show the
diﬀerences in their functions, where the ﬁrst and last periods
are important in the head-to-tail association of tropomyosin
molecule and period 4 involved in troponin binding. Using
thethinﬁlamentreconstitutionprotocol,Kawaietal.showed
that period 3 of tropomyosin is essential in the enhancement
of isometric tension [47]. The physiological properties
of tropomyosin mutations (V95A, D175N, and E180G)
regarding hypertrophic cardiomyopathy (HCM) were also
studied using the same method and showed that contrac-
tility was decreased and relaxation was impaired in HCM
tropomyosin [48]. Likewise, the eﬀects of phosphorylation
and/or dephosphorylation of tropomyosin were investigated
by using this technique [49]. These studies showed that the
combinationofthethinﬁlamentreconstitutionprotocoland
sinusoidal analysis is very useful in the study of genetically
modiﬁed actin and tropomyosin.
4. StudyingTitinUsing Thin Filament-Free
MuscleFibers
Titin (also known as connectin) is a muscle-speciﬁc giant
protein with a molecular weight of 3∼4MDa [50]. Titin
spans from Z-disk to M-line in half sarcomere constituting
a third ﬁlament in muscle, and it functions as a molecular
spring during stretch which determines the passive force.
The property of titin is particularly important in cardiac
muscle physiology because titin’s property as a spring is a
major determinant of diastolic force. Mechanical properties
of titin can be studied by stretching muscle ﬁbers during
relaxation, but there is an eﬀect from slow cycling weakly
bound cross-bridges [51]. The eﬀect of weakly bound cross-
bridges can be eliminated by using the thin ﬁlament-free
muscle ﬁbers, which is the state before the reconstitution of
actin ﬁlament in the thin ﬁlament removal and reconstitu-
tion protocol. Figure 4 shows the stress-strain relationship
of cardiac myoﬁbril treated with gelsolin. When skinned
skeletal muscle ﬁbers were stretched after removal of thin
ﬁlament, the stress-strain relationship diﬀered from those in
thepresenceofthinﬁlamentshowingthepresenceofweakly-
bound cross-bridges [17]. The eﬀect of Ca2+ on passive force
was investigated using thin ﬁlament-free muscle ﬁbers [52];
in the presence of Ca2+, it is important to eliminate the eﬀect
of cross-bridges to measure passive force, as the coexistence
of Ca2+ and ATP will activate the cross-bridges. Studies have
shown that Ca2+ increases the stiﬀness of titin, which may
play a role during systole and diastole [52, 53].
5. Conclusions
Thethinﬁlamentremovalandreconstitutionprotocolisuse-
ful in the study of the physiology of actin and tropomyosin
in muscle contraction. It is particularly valuable when com-
bined with sinusoidal analysis. Actin-ﬁlament-reconstituted
muscle ﬁbers are useful in studying the properties of genet-
ically modiﬁed actin. Thin ﬁlament-reconstituted model is
helpful in studying the properties of tropomyo-sin. Muscle
ﬁbers without thin ﬁlament can be used to study the me-
chanical property of giant protein titin.
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Figure 4:(a)Phase-contrastimageofcardiacmyoﬁbriltreatedwith
gelsolin.Myoﬁbrilwasheldwithtwoglassneedles.Thickneedlewas
moved to the left to stretch the myoﬁbril and force was measured by
the bending of the thin needle. Scale bar: 10μm. (b) Stress-strain
relationship of myoﬁbril treated with gelsolin. Two examples are
shown. Strain is expressed relative to the slack length.
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